N-Acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) is a natural inhibitor of pluripotent hematopoietic stem cell entry into the S phase of the cell cycle and is normally present in human plasma. Ac-SDKP is exclusively hydrolyzed by ACE, and its plasma concentration is increased 5-fold after ACE inhibition in humans. We examined the effect of 0.05 to 100 nmol/L Ac-SDKP on 24-hour 3 H-thymidine incorporation (DNA synthesis) by cardiac fibroblasts both in the absence and presence of 5% FCS. Captopril (1 mol/L) was added in all cases to prevent the degradation of Ac-SDKP. Treatment of cardiac fibroblasts with 5% FCS increased thymidine incorporation from a control value of 12 469Ϯ594 to 24 598Ϯ1051 cpm (PϽ0.001). Cotreatment with 1 nmol/L Ac-SDKP reduced stimulation to control levels (10 373Ϯ200 cpm, PϽ0.001). We measured hydroxyproline content and incorporation of 3 H-proline into collagenous fibroblast proteins and found that Ac-SDKP blocked endothelin-1 (10 Ϫ8 mol/L)-induced collagen synthesis in a biphasic and dose-dependent manner, causing inhibition at low doses, whereas high doses had little or no effect. It also blunted the activity of p44/p42 mitogen-activated protein kinase in a biphasic and dose-dependent manner in serum-stimulated fibroblasts, suggesting that the inhibitory effect of DNA and collagen synthesis may depend in part on blocking mitogen-activated protein kinase activity. Participation of p44/p42 in collagen synthesis was confirmed, because a specific inhibitor for p44/p42 activation (PD 98059, 25 mol/L) was able to block endothelin-1-induced collagen synthesis, similar to the effect of Ac-SDKP. The fact that Ac-SDKP inhibits DNA and collagen synthesis in cardiac fibroblasts suggests that it may be an important endogenous regulator of fibroblast proliferation and collagen synthesis in the heart. Ac-SDKP may participate in the cardioprotective effect of ACE inhibitors by limiting fibroblast proliferation (and hence collagen production), and therefore it would reduce fibrosis in patients with hypertension. 
N
-Acetyl-Ser-Asp-Lys-Pro (Ac-SDKP) is endogenously released from its protein precursor thymosin-␤ 4 in bone marrow cells. 1, 2 It naturally inhibits entry of pluripotent hematopoietic stem cells into the S phase, maintaining them in the G 0 /G 1 phase and thus blocking DNA synthesis. 3, 4 This tetrapeptide is normally present in human plasma and circulating mononuclear cells. 5 In addition, Ac-SDKP and its precursor are ubiquitously distributed in mouse tissues, including the lung (0.86Ϯ0.25 nmol/g), kidney (0.43Ϯ0.02 nmol/g), and heart (0.88Ϯ0.36 nmol/g). 6 ACE has 2 homologous NH 2 -and COO-terminal catalytic domains. Ac-SDKP is found in tissues where ACE is present and hydrolyzed almost exclusively by ACE, 7 showing a 50-fold higher affinity for the N-domain than for the C-domain of recombinant mutant ACE. 8 This peptide has a 4.5-minute half-life in the circulation and thus is probably released continuously. 9 However, chronic or acute administration of captopril, an ACE inhibitor (ACEI), reportedly prevented the degradation of endogenous Ac-SDKP and raised its circulating concentrations by Ϸ5-fold in volunteers, while it inhibited the hydrolysis of 3 H-Ac-SDKP in plasma by 90% to 99%. 7, 10 The antiproliferative effects of Ac-SDKP are not limited to the hematopoietic system. When administered after twothirds hepatectomy in rats, it reduces hepatocyte proliferation by up to 50% as assessed by 3 H-thymidine incorporation, 11 suggesting that it may also inhibit the growth of other types of cells. In addition, Ac-SDKP suppressed the proliferation of renal fibroblasts, suggesting that it may be an endogenous modulator of renal cell proliferation. 12 Chronic ACE inhibition also regressed abnormally increased interstitial collagen deposition within the myocardium in spontaneously hypertensive rats (SHR) 13 and prevented myocardial fibrosis in Lewis rats with heart failure induced by myocardial infarction. 14 We wanted to determine whether Ac-SDKP inhibits cardiac fibroblast proliferation and collagen turnover in vitro so we would know whether this tetrapeptide plays a role in the cardioprotective effects of ACEIs.
Mitogen-activated protein kinases (MAPKs) may be important post-receptor signaling pathways through which growth factors stimulate cardiac fibroblast proliferation. 15, 16 However, it is not known whether Ac-SDKP interferes with the activation of MAPK pathways in cardiac fibroblasts or other cells. Endothelin-1 (ET-1), a 21-amino-acid peptide, is produced by endothelial cells, smooth muscle cells, fibroblasts, and cardiomyocytes. ET-1 gene upregulation may occur in response to stretching the cell wall, 17 ischemia, 18 or angiotensin II (Ang II) acting via Ang II type 1 (AT 1 ) receptors. 19 ET-1 is a potent stimulator of collagen synthesis in cultured adult cardiac fibroblasts, causing a dosedependent increase in collagen production with a threshold dose approaching 1 nmol/L. 20 Using cultured adult rat cardiac fibroblasts (passage 2), we tested whether Ac-SDKP (1) inhibits cardiac fibroblast proliferation ( 3 H-thymidine incorporation) when stimulated with FCS, (2) blocks collagen synthesis by cardiac fibroblasts stimulated with ET-1 in vitro (hydroxyproline assay and 3 H-proline incorporation into collagenase-sensitive proteins), or (3) prevents activation of p44/p42 MAPK. We also tested whether (1) PD98059, a p44/p42 inhibitor; (2) SB203580, a p38 inhibitor; or (3) curcumin, a c-Jun kinase (JNK) inhibitor, blocks ET-1-induced collagen synthesis.
Methods

Cell Culture
Primary cultures of cardiac fibroblasts were derived from adult Sprague-Dawley (SD) rats weighing 200 to 250 g by a modification of a method previously described by Eghbali et al. 21 Briefly, hearts were rapidly excised from 2 or 3 ether-anesthetized rats, and the atrial tissue was removed. Ventricles were minced and placed in tubes containing 5 mL calcium bicarbonate-free Hanks' solution with HEPES (CBFHH) and 0.067% collagenase B (Boehringer Mannheim) and then gently stirred. After each 15-minute period of digestion, 5 mL CBFHH buffer was added to each tube, and the minced tissue was pipetted up and down 30 times with a wide-bore pipette. Cell suspensions from 3 consecutive digestions were pooled together in a 50-mL tube containing 10% FCS and kept on ice until pelleting at 1000 rpm for 5 minutes. The pellet was washed twice with DMEM (Gibco) containing 10% FCS, 100 IU/L penicillin, and 0.1 g/L streptomycin. Cell suspensions were passed through a 60-mesh screen (Sigma) into a 100-mm culture dish and incubated for 45 minutes at 37°C. Unattached cells were discarded, whereas attached cells were washed twice with 10% FCS/DMEM and allowed to grow to confluence before passage, in trypsin-based solution in 1:3 dilutions. All cells used in these experiments were taken from passage 2. This protocol was approved by the Henry Ford Hospital Committee for the Care and Use of Experimental Animals.
H-Thymidine Incorporation
Fibroblasts were seeded onto 6-well plates containing DMEM supplemented with 10% FCS at a density of 0.5ϫ10 5 cells per well and allowed to grow until subconfluent, occupying 60% to 70% of the total surface of the plate. Cells were cultured in serum-free DMEM for 24 hours and then treated with 5% FCS either alone or combined with Ac-SDKP (Bachem) (0.1 to 1000 nmol/L) for 24 hours in DMEM containing 3 H-thymidine (1 Ci/mL) and 10
Ϫ6
mol/L captopril. Control cells were also treated with captopril. Each well was washed once with 1 mL ice-cold PBS, and then 1 mL ice-cold 10% trichloroacetic acid (TCA) was added. The plates were scraped, and cell lysates were transferred to Eppendorf vials, then vacuum-filtered through Whatman filters and washed 3 times with 5 mL ethanol/TCA (70:5%). Filters were counted for 1 minute in vials containing 4 mL scintillation cocktail.
Collagen Synthesis
Collagen synthesis was estimated with 2 different methods: 3 Hproline incorporation by collagenous proteins and hydroxyproline assay.
H-Proline Incorporation
Collagen synthesis by confluent cardiac fibroblasts was measured according to the method previously described by Brilla et al. 22 Briefly, fibroblasts from passage 2 (1ϫ10 5 cells/well) were seeded onto 6-well plates containing 10% FCS/DMEM and allowed to grow until confluent, making close contact with each other. Cells were cultured in serum-free DMEM for at least 48 hours before the medium was replaced with 0.4% FCS/DMEM containing 0.15 mmol/L L-ascorbic acid and 10 Ϫ6 mol/L captopril. We used endothelin-1 (ET-1) to stimulate collagen synthesis, because (1) ET-1 is a potent stimulus for collagen synthesis in fibroblasts 20 ; (2) endogenous ET-1 has been shown to play an important role in Ang II-induced myocyte hypertrophy in vitro, 23 hypertension in vivo, 24 and renal 25 and cardiac fibrosis 26 in vivo, suggesting that ET-1 could be a second messenger for Ang II; and (3) we found that either Ang II or its aminopeptidase-resistant analog, Sar 1 -Ang II, failed to increase collagen synthesis as measured by either proline incorporation or hydroxyproline assay. We are not the first to obtain negative results with Ang II; Agocha et al 27 and Pathak et al 28 both found that Ang II was unable to stimulate collagen synthesis in adult rat cardiac fibroblasts under normal conditions. Cells were treated with Ac-SDKP (1 nmol/L) for 30 minutes, and then ET-1 (10 Ϫ8 mol/L) was added for 48 hours, followed by an 18-hour exposure to 3 H-proline (14 Ci/well) in fresh serum-free DMEM containing 0.1% BSA, 0.04% proline, 0.15 mmol/L L-ascorbic acid, and 10
Ϫ8
mol/L ET-1 either alone or combined with Ac-SDKP. After incubation, cells were sonicated on ice, and TCA (final concentration 10% wt/vol) was used to precipitate proteins in the presence of 0.04% proline and 0.1% BSA. The samples were allowed to stand overnight at 4°C before centrifugation. Protein pellets were washed 3 times with 1 mL of 5% TCA/1 mmol/L proline, and the final pellet was dissolved in 1 mL of 0.2 mol/L NaOH. Fibroblast proteins were incubated with 1 mmol/L CaCl 2 and 2.5 mmol/L N-ethylmaleimide in the presence of either collagenase type III (50 U/mL; Calbiochem) or 2 mmol/L Tris (pH 7.6) and 0.2 mmol/L CaCl 2 for 90 minutes at 37°C. The vials were placed on ice, and 0.5 mL of 20% TCA/0.5% tannic acid was added to precipitate protein for 1 hour. Supernatants were transferred to scintillation vials together with 0.5 mL of 5% TCA after centrifugation at 10 000 rpm for 5 minutes. Scintillation fluid (10 mL) was added to each sample, and radioactivity was determined with a liquid scintillation counter. The supernatant from the noncollagenase group served as background, and the supernatant from the group treated with collagenase was counted for collagen; the pellet was also counted to determine nonsensitive collagenase proteins. Percent collagen synthesis was calculated as [C/P ratio/ 5.4ϫ(1ϪC/P ratio)ϩC/P ratio]ϫ100, where C is collagenasereleasable counts, P is total proteins (supernatant plus pellet), and 5.4 is a correction factor for noncollagen protein used to adjust for the relative abundance of proline and hydroxyproline in proteins that contain collagen.
Hydroxyproline Assay
Collagen synthesis was measured with an established hydroxyproline assay 29 adapted for use under tissue culture conditions by Villarreal et al. 30 Cardiac fibroblasts were placed in a 100-mm culture dish and grown until confluent in DMEM supplemented with 10% FCS, then serum-starved for 48 hours. Cells were cultured in fresh 0.4% FCS/DMEM containing 0.15 mmol/L L-ascorbic acid and 10 Ϫ6 mol/L captopril and treated with Ac-SDKP (0 to 10 nmol/L) for 30 minutes before the addition of ET-1 (10 Ϫ8 mol/L) for 48 hours. At the end of the experiment, medium was precipitated in 2 volumes of absolute ethanol at Ϫ20°C for 24 hours. After precipitation, samples were centrifuged at 16 000 rpm for 30 minutes, and the pellet was air-dried. Each precipitant was homogenized in a tube containing 1 mL of 0.1 mmol/L NaCl and 5 mmol/L NaHCO 3 and then washed 5 times with the same solution. Each pellet was hydrolyzed in 500 L of 6N HCl for 16 hours at 110°C. The samples were filtered, dried under nitrogen gas, and dissolved in 400 L of water. Hydroxyproline content was determined with a color-based reaction as described by Stegemann and Stalder, 31 using a standard curve for 0 to 5 g hydroxyproline.
Plates containing 500 L lysis buffer were scraped, and the cell lysate was homogenized for protein determination using a Bio-Rad protein assay kit. Data were expressed as micrograms of collagen produced in the medium per milligram of fibroblast proteins, assuming that collagen contains 13.5% hydroxyproline. 32 Effect of Ac-SDKP on p44/p42 Mitogen-Activated Protein Kinase Activity MAPK activity was measured after selective precipitation of active MAPK and detection of MAPK-induced phosphorylation of the transcription factor Elk-1 at Ser383 according to the method described by Gille et al. 33 Adult cardiac fibroblasts were grown to confluence with 10% FCS/DMEM in a 100ϫ20-mm culture dish and then serum-deprived for 48 hours. Cells were treated with Ac-SDKP (0 to 10 nmol/L) for 30 minutes before the addition of 10% FCS for 5 minutes. The medium was removed, and cells were washed once with ice-cold PBS, then sonicated for 15 seconds on ice. Samples were stored at Ϫ80°C until assayed. MAPK activity was measured with a p44/p42 MAPK assay kit and a phototope-horseradish peroxidase (HRP) Western blot detection kit (New England BioLabs). p44/p42 MAPK was measured by Western blotting with a p44/p42 MAPK antibody (rabbit polyclonal IgG; New England BioLabs). p44/p42 MAPK activity was normalized to p44/p42 MAPK protein and expressed as fold increase compared with control. To further assess the role of MAPK in ET-1-induced collagen synthesis, cells were pretreated for 1 hour with (1) the MAPK kinase (MEK) inhibitor PD98059 (25 mol/L), which is an upstream activator of p42/p44, (2) SB203580 (25 mol/L), which inhibits p38 kinase, or (3) curcumin (25 mol/L), which inhibits JNK. After this pretreatment, ET-1 was added for 48 hours. Samples were harvested and processed for hydroxyproline content.
Statistical Analysis
Data from multiple experiments were expressed as meanϮSEM, and differences in mean values were analyzed by 1-way ANOVA with pairwise multiple comparisons made by the Student-Newman-Keuls method. PϽ0.05 was considered significant (compared with control unless otherwise specified).
Results
Effect of Ac-SDKP on 3 H-Thymidine Incorporation by Cardiac Fibroblasts In Vitro
FCS induced a 100% increase in 3 H-thymidine incorporation by rat cardiac fibroblasts (Figure 1 ). Ac-SDKP inhibited DNA synthesis in a biphasic and dose-dependent fashion. Thymidine incorporation was blunted in fibroblasts pretreated with Ac-SDKP, with maximum inhibition occurring at 1 nmol/L; however, at doses higher than 1 nmol/L, inhibition was diminished. A dose of 1 mol/L had no apparent inhibitory effect.
Effect of Ac-SDKP on Collagen Synthesis by Cardiac Fibroblasts In Vitro
Hydroxyproline Assay
Collagen synthesis was measured in confluent adult rat cardiac fibroblasts (passage 2) incubated with ET-1 (10 Ϫ8 mol/L) either alone or combined with different concentrations of Ac-SDKP and expressed as micrograms of collagen per total fibroblast proteins (mg) (Figure 2 ). ET-1 significantly enhanced collagen production from 7.1Ϯ0.5 (control) to 10.9Ϯ0.7 g/mg. Ac-SDKP blocked ET-1-stimulated collagen production in a biphasic and dose-dependent manner, with maximum inhibition at 1 nmol/L; 10 nmol/L failed to prevent collagen production.
H-Proline Incorporation
We examined the effect of Ac-SDKP on collagen synthesis stimulated with ET-1 (10 Ϫ8 mol/L), measuring the incorporation of 3 H-proline by collagen protein. Increased collagen synthesis induced by ET-1 (10 Ϫ8 mol/L) was abolished in the presence of Ac-SDKP (1 nmol/L) (Figure 3, right) . When some of the data from Figure 2 were used to compare the 2 methods of estimating collagen synthesis, we found that both 3 H-proline incorporation and hydroxyproline assay gave very similar results (Figure 3, left) . 
Effect of Ac-SDKP on p42/44 Kinase Activity in FCS-Stimulated Adult Rat Cardiac Fibroblasts
FCS at 10% increased p42/p44 kinase activity by 7-fold compared with untreated cells (PϽ0.01). Ac-SDKP did not affect total MAPK protein but consistently inhibited MAPK activity in a biphasic and dose-dependent fashion; 10 nmol/L had no inhibitory effect (Figure 4) . PD98059, an inhibitor of p42/p44 MAPK activation, significantly decreased ET-1-stimulated collagen production, whereas SB203580 and curcumin, which inhibit p38 and JNK, respectively, were inactive ( Figure 5 ).
Discussion
Fibroblasts constitute the vast majority (Ͼ90%) of nonmyocyte cells in the heart. 34 Cardiac fibroblasts increase the production of fibronectin and collagen when the heart is exposed to a variety of injuries, such as myocardial infarction, pressure overload, and myocarditis. It is believed that an increase in both the number of cardiac fibroblasts and the content of extracellular matrix proteins during cardiac remodeling is one of the major causes of cardiac dysfunction. 14, 35, 36 The cardioprotective effects of ACEIs in myocardial infarction, pressure overload, and myocarditis associated with left ventricular hypertrophy and fibrosis are due in part to inhibition of Ang II formation. 14, 37, 38 However, other mechanisms such as increased plasma and/or tissue kinins and Ac-SDKP 10,14,36,38,39 may also be involved. Our data show that Ac-SDKP inhibits (1) serum-stimulated 3 H-thymidine incorporation, (2) ET-1-induced collagen synthesis, and (3) p44/p42 MAPK activation by serum in cultured rat adult cardiac fibroblasts. The biphasic and dose-dependent inhibitory effect of Ac-SDKP we observed was very similar to the pharmacological profile previously reported for human bone marrow mononuclear cells (CD 34ϩ ) 4 and human and chicken lymphocytes, 40 occurring at low concentrations and disappearing at higher concentrations. Although we could not explain this biphasic effect, such a bell-shaped curve might suggest that Ac-SDKP activates multiple receptors or enzymes, with each of them leading to either inhibition or stimulation.
Ang II is one of several agents that stimulate synthesis and secretion of ET via the activation of AT 1 receptors. Ang II has been shown to increase expression of preproET-1 mRNA in cultured ventricular myocytes, 18 suggesting that ET-1 might be an important mediator of Ang II in cardiac hypertrophy and fibrosis in animals or patients with Ang II-dependent hypertension. ET-1 is a potent stimulator of collagen synthesis in cultured fibroblasts, with a maximum effect at 10 Ϫ7 mol/L. 20 Ac-SDKP maximally inhibited ET-1-induced collagen synthesis at the same dose that blocked DNA synthesis in fibroblasts, but at present the mechanisms of the inhibitory effects of Ac-SDKP are unknown. Two possible causes are (a) inhibition of enzymes responsible for collagen synthesis and maturation and (2) activation of metalloproteinases such as MMP-1. It is unlikely that collagen synthesis would depend on cell proliferation, because we used confluent adult rat cardiac fibroblasts, which form a typical monolayer cell culture, are contact-inhibited, and do not grow in multiple layers like vascular smooth muscle cells or other cell types. 22 In addition, Ac-SDKP does not seem to have a cytotoxic effect on fibroblasts, because cell number was not reduced and the medium did not become turbulent when Ac-SDKP alone was incubated with quiescent fibroblasts (Rhaleb et al, unpublished observations). For this reason, we expressed collagen synthesis as micrograms of collagen per milligram of fibroblast proteins.
The p42/p44, JNK, and p38 MAPK pathways are distinct serine-threonine kinase cascades, each consisting of 3 enzymes: MAPK kinase kinase (MAPKKK), MAPK kinases (MEK, MKK), and MAPK. Upstream activators of the MAPK pathways include small GTPases of the Ras family, and downstream effectors include transcription factors and other kinases. 41, 42, 43 p42/p44 MAPK activity has been extensively studied in rat cardiac fibroblasts, 44, 45 and stimulation of fibroblasts with Ang II or platelet-derived growth factor is known to stimulate MAPK activity, fibroblast proliferation, and extracellular matrix formation. 46, 47 ET-1 has been shown to activate p42/p44 MAPK in cardiac myocytes (reviewed in Clerk and Sugden) 48 and rat cardiac fibroblasts (Rhaleb et al, unpublished observations). Treatment of cardiac fibroblasts with serum activated p42/44 MAPK, and this effect was ameliorated by pretreatment with Ac-SDKP, which suggests that the MAPK pathway may mediate proliferation and collagen accumulation in cultured fibroblasts. However, inhibition of MAPK activity occurred at a 10-fold lower dose of Ac-SDKP than that needed for inhibition of cell proliferation and collagen synthesis, suggesting that p42/p44 MAPK is not the only pathway involved in these processes. Inhibition of p38 MAPK and JNK had no effect on ET-stimulated collagen synthesis. Other signaling pathways known to be activated by ET include protein kinase C, phosphatidylinositol-3 kinase, protein kinase B, and the nonreceptor tyrosine kinase Src. 48 Thus, it is possible that serum-stimulated proliferation and ET-stimulated collagen synthesis utilize one or more of these other kinases, making them potential targets for the inhibitory effect of Ac-SDKP.
In summary, Ac-SDKP inhibits cardiac fibroblast proliferation, collagen synthesis, and activation of p42/p44 MAPK activity. Considering that inhibition of ACE substantially increases plasma Ac-SDKP levels, 7,10 our study suggests that Ac-SDKP may be considered a new endogenous peptide by which ACEIs prevent or regress cardiac fibrosis in hypertension.
